Abstract
Introduction
Clinical mastitis (CM) is one of the major diseases in dairy herds. It induces economic costs, mainly consisting of discarded milk, increased health care costs and reduced milk quality (Timms and Schultz, 1984; Heuven, 1987) . Mastitis also contributes to consumer concerns regarding animal welfare (Willeberg, 1994) and concerns regarding the impact of use of antibiotics in animals on efficacy of antibiotics for human health. Mastitis control programmes are designed to reduce (sub)clinical mastitis on farms, as these provide guidelines for hygiene and management practices to control intramammary infections (IMI) with contagious pathogens (Neave et al., 1969) . Genetic selection is another strategy to combat (sub)clinical mastitis. Although genetic selection is a slow process, it results in a permanent change in the genetic composition of the dairy herd (Shook, 1989) .
Heritability estimates of CM are generally below 0·05 (Emanuelson et al., 1988; Weller et al., 1992; Mrode and Swanson, 1996) but considerable variation between bulls exists (Pryce et al., 1998) . The genetic correlation between milk yield and CM is unfavourable (Syvajarvi et al., 1986; Groen et al., 1994; Uribe et al., 1995) , suggesting that selection solely for yield will increase the CM incidence. Selection on breeding values for CM, instead, might counteract this unfavourable correlated response (Pryce et al., 1998) . In the absence of direct records of CM, indirect measures of (sub)clinical mastitis are often used to assess genetic variation for susceptibility to mastitis. Somatic cell count (SCC) or log transformed SCC (Ali
Table 1 Effect of data editing of the health data set on the number of lost lactations (lost) and the total number of lactations (lact), herds (herds), animals (animals) and all-or-none clinical mastitis cases (CM)
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Lact Herds Animals CM and Shook, 1980) , is the primary trait used for indirect selection for genetic resistance to both clinical and subclinical mastitis. Heritability estimates of log transformed SCC are higher than for CM, with a mean of 0·10 and 0·04, respectively (Emanuelson et al., 1988; Weller et al., 1992; Mrode and Swanson, 1996) . The estimated genetic correlations between CM and SCC are moderately high to high (0·3 to 0·9), indicating that selecting for lower SCC would increase the resistance to CM (Mrode and Swanson, 1996; Emanuelson, 1997) .
Other traits that are used as indicators of CM are udder conformation and milking speed (Lund et al., 1994; Boettcher et al., 1998; Rupp and Boichard, 1999) .
Several pathogens play a crucial rôle in the development of CM. The most frequently isolated pathogens from clinical cases in The Netherlands are Staphylococcus aureus , Escherichia coli , Streptococcus dysgalactiae and Streptococcus uberis (Schukken et al., 1989; Miltenburg et al., 1996; Barkema et al., 1998) . Differences in incidence of pathogen-specific CM at different levels of SCC have been shown but, so far, the association between pathogen-specific CM and SCC has only been evaluated on the level of bulk milk SCC (BMSCC) (Erskine et al., 1988; Miltenburg et al., 1996; Barkema et al., 1998) . However, little is known about the genetic variation of incidences of these pathogens and whether selection for yields and SCC affects all pathogens equally or not. And, therefore, does a lower SCC improve resistance to only some or to all pathogens, since the aetiology of each mastitis-causing pathogen is different (Rogers et al., 1995; Nash et al., 2000) . This ignorance is primarily due to lack of data. Therefore, the objectives of this study were to quantify genetic variation for overall and pathogen-specific CM and to estimate genetic correlations with milk production and somatic cell score.
Material and methods
Available data
Records on CM were available from an experiment carried out from December 1992 till June 1994 on 274 Dutch farms (Barkema et al., 1998) . The actual start and end date of the study varied slightly among farms but all farms participated in the study for 18 months. Lactating cows were housed in free-stall barns and milking parlours were double herringbone or two-sided open tandem shape. Herds participated in the milk recording system, and annual milk production quota was between 300 000 and 900 000 kg. The national milk recording system (NRS, Arnhem, The Netherlands) provided information of milk recordings of all cows participating in the study, recorded every 3rd or 4th week. A record included national cow identification, breed, date of milk recording, date of calving, date of drying off, test-day milk yields (milk, fat and protein (all in kg)) and test-day somatic cell count (in 1000 cells per ml). The breed of the cow was subdivided into three main contributing breeds, with each having up to nine classes (0, 1/8…, 8/8) depending on the degree of contribution. The scores of these three breeds always summed up to 8/8 (100%), and the main breeds were Holstein-Friesian (HF), DutchFriesian (FH) and Meuse-Rhine-Yssel (MRY).
While participating in the study, farmers were asked to collect milk samples from every quarter that they saw with visible signs of CM. The samples were stored in a freezer on the farm (at approx. -20ºC) and were collected for bacteriological examination at intervals of 6 to 8 weeks. Collected data contained information on the national cow identification, buying and selling date of the cow, date of occurrence, infected quarter, and the outcome of the bacteriological culturing of the milk samples.
A pedigree file of all cows on the participating herds was available and contained the ancestry of approximately 240 000 cows and 15 000 bulls back to 1937.
Data editing
A data set with information on CM and bacteriological characteristics was constructed from the phenotypic records. While constructing the data set, the aim was to include the maximum feasible number of lactations recorded during the study and to avoid bias due to culling for CM in early lactation. Therefore, every lactation that was recorded for at least 1 day during the experiment was included in the data set, which were in total 49 529 lactations ( Production traits were averaged from test-day records of kg milk (MILK), kg fat (FAT), kg protein (PROT) and somatic cell score (SCS) (SCS = log 2 (SCC/100) + 3). Each production trait was averaged over the test-day records up to 150 and 305 days in lactation, respectively. An average over the first 150 days was calculated if a cow had three or more recordings of SCS, and four or more of MILK, otherwise a missing value was assigned. Similarly, missing values were replaced with averages over the first 305 days when SCS was measured at least six times and MILK at least seven times. Projected 305-day yields for milk, fat and protein were available from the national milk recording system and were analysed as production traits as well.
For the analyses, a pedigree file was constructed based on sires and maternal grandsires of cows in the data. This file contained 3285 AI bulls with 2073 sires plus 1934 maternal grandsires (of which 1068 were sires as well), and 346 unique identities of fathers of the sires or maternal grandsires. The identification of the bull's mother was only included when the cow had two or more sons in the pedigree file, otherwise she was included as a base parent. Cows with unknown pedigree were deleted from the data set, reducing the data set to 47 988 lactations (Table 1) .
Final editing was done by excluding cows with extreme ages at calving (for a given parity). Boundaries were established using histograms; first parity cows had to calve between 490 and 1250 days, second parity cows between 790 and 1525 days, third parity cows between 1100 and 1830 days, and fourth or later parity cows after 1400 days. This reduced the data set to 47 563 lactations from 28 695 cows (Table  1) .
Incidence rate of clinical mastitis
Incidence rates of clinical mastitis (IRCM) were expressed per cow-day at risk. Cow-days at risk were calculated as the total number of days that the cows were at risk and in milk during the experiment (= sum of DOT over all lactations = 9 404 452 days). Calculations of overall CM included the total number of lactations with at least one case of CM. For pathogen-specific CM it included the number of lactations with at least one pathogen-specific case. Dividing this by the sum of DOT resulted in overall or pathogen-specific IRCM (Rothman and Greenland, 1998) . (Gilmour et al., 2000) was used to estimate variance components, using generalized linear mixed models with a logit link function. Univariate analyses were carried out for production traits (MILK, FAT, PROT and SCS) using a linear model (Y), and for udder health traits (overall plus pathogen-specific CM) using a logistic model (logit( Y )). Cows with missing values for the MILK, FAT, PROT or SCS were still included in the analyses, since these were cows culled early in the lactation. The model included random effects for sire and maternal grandsire (MGS) and for cow, to account for the permanent environment across repeated lactations. The model used was:
Statistical analyses AS-REML
Y or logit( Y ) = µ + fixed effects + S sire + 1 ⁄ 2 S mgs + PERM animal + e .
The random sire effect was identified by the subscripts for sire and MGS; S sire and S mgs , respectively. The sire effects were linked using the relationship matrix and were assumed to be normally distributed with var(S sire or mgs ) = σ 2 s . The permanent environmental effect (PERM animal ) was assumed to be normally distributed as well, with var(PERM animal ) = σ 2 Ep . For the logistic model, the residual variance ( σ 2 e ) was fixed on 3·29; N(0, 3·29) (Gilmour et al., 2000) .
Fixed effects included were herd (with 274 levels), an interaction between year and season of calving (YS, with 18 classes), parity (with four classes, where the last class contains all parities ≥ 4), HF and FH percentage (both with nine classes, for 0, 1/8, …, 8/ 8) and MRY percentage (with five classes, for 0, 1/8, 2/8, 3/8, ≥ 4/8). In the logistic model, polynomials were included for age at calving, DOT and DAS. In the linear model, only a polynomial for age at calving was included. Order of the polynomials was established by stepwise inclusion of higher order regression coefficients (forward and backward elimination), till the estimated regression coefficient did not differ significantly from zero any more (Table  2) . For estimating the variance components for the udder health traits, it was decided to apply the order of fit of CM so all udder health traits could be analysed with the same model. For the production traits a polynomial of order four for age at calving was established.
Bivariate analyses were carried out to estimate correlations between udder health and production traits, using a combined logistic and linear model. Fixed effects for the logistic and linear model were the same as mentioned for the univariate analyses. (Co)variance matrices (2 ✕ 2) were estimated for the sire, permanent environment and residual effects, but σ 2 e1 was fixed on 3·29; N(0, 3·29) (Gilmour et al., 2000 
]
Calculation of genetic parameters Genetic parameters were calculated from the estimated variance components. The additive genetic variance was calculated by multiplying the sire variance by four. The phenotypic variance was the sum of the sire variance multiplied by 1·25, where 1·25 was included because MGS was fitted in the model separately, plus the permanent environmental and residual variances. Division of the additive genetic variance by the phenotypic variance resulted in the heritability. The permanent environmental effect between lactations was calculated by dividing the permanent environmental variance by the phenotypic variance. Genetic, phenotypic, permanent environmental and error correlations were estimated using the corresponding variances and covariances. For CNS it was difficult to estimate the covariance between the two permanent environmental effects ( σ Ep1 Ep2 ), leading to convergence problems. Therefore, the model was simplified by fixing this component to zero when analysing CNS. 
Results
The mean production of MILK, FAT, PROT and SCS in 150 and 305 days of lactation is shown in Table 3 . Means of the projected 305-day yields for milk, fat and protein were similar to the mean of the averaged productions over the test-day records up to 305 days, and these were therefore not included in the table.
The overall IRCM was 0·00063 all-or-none cases per cow-day at risk, whereas the pathogen-specific IRCM ranged from 0·00005 to 0·00017 all-or-none cases per cow-day at risk (Table 4) . Proportions of diseased lactations with increasing number of days at risk and in milk in the lactation (DOT) are shown in Figure 1 for (a) the original data, (b) the fitted values from the model, and (c) the fitted polynomial for DOT with the assumption DAS = 0 and mean values for all fixed effects. By setting DAS = 0, it is assumed that all cows entered the study directly after calving and not at different lactation stages. The difference between the fitted polynomial curve for DOT and the histograms in Figure 1 was mainly due to fixing DAS at 0. Closer agreement with the estimated curve was 
0·20) 0·26 (0·23) † These genetic correlations were put on the boundary by AS-REML.
obtained for a subset of the data, based on only those lactations that actually started within the experiment, i.e. DAS = 0.
The heritabilities and permanent environmental effects from univariate analyses are shown in Table 3 for MILK, FAT, PROT and SCS and in Table 4 for (pathogen-specific) CM. The heritabilities for 150-day MILK, FAT and PROT were lower than the estimates for 305 days. The heritability for overall CM was 0·04 and the heritabilities for pathogen-specific CM ranged from 0·02 for other streptococci to 0·10 for CNS. Permanent environmental effects (c 2 ) were more important for production traits (ranging from 0·34 to 0·48) than for udder health traits (ranging from 0·04 to 0·10).
Phenotypic correlations between the udder health traits and MILK, FAT, PROT and SCS ranged from 0·01 to 0·31. The positive phenotypic correlations between udder health traits and MILK, FAT and PROT indicated that high-producing cows tended to have more cases of (pathogen-specific) CM.
Comparison of the mean production yields of cows with and without CM confirmed this (30·1 v. 28·6 kg milk, 1·31 v. 1·25 kg fat, 1·00 v. 0·95 kg protein). The positive phenotypic correlations between SCS and the udder health traits indicated that cows with CM had higher SCC than cows without CM, which was also confirmed by the calculated means of SCS for both groups (3·27 v. 2·31).
Permanent environmental correlations were hard to estimate and in 20 out of 64 runs they were fixed at the boundary, 1 or -1. The effect of this on the estimates of the other (co)variance matrices was small. When no boundaries were set, unrealistic permanent environmental correlations (>1) were estimated, but the genetic correlation did not change much. The other alternative was to fix the permanent environmental correlation to zero, which increased the genetic correlations only slightly and reduced the phenotypic correlations.
Genetic correlations between CM and MILK (Table 5) were unfavourable, 0·69 for 150-day milk yield and 0·73 for 305-day milk yield. The genetic correlation between CM and 150-day SCS was 0·63 and it was 0·39 between CM and 305-day SCS. Genetic correlations between pathogen-specific CM and production traits were all unfavourable (Table 5) . Genetic correlations between pathogen-specific CM and MILK, PROT and FAT were higher for 305-day than for 150-day records, with the exception Str. dysgalactiae mastitis with all three production traits and Str. uberis mastitis with MILK and PROT. The estimated genetic correlations of pathogen-specific CM with 150-day SCS were always higher than with 305-day SCS.
Discussion
In this study, presence or absence (1/0) of CM during parts of the lactation that coincided with the trial period was analysed. The same data was used by Barkema et al. (1998) for analysing the total number of clinical quarter cases per 365 days at risk, and they have calculated an IRCM of 0·26 per 365 days at risk. The reported IRCM per cow-day at risk is lower in the current study as more than one case of CM occurred in 24% of all lactations with CM. Barkema et al. (1998) concluded that IRCM increased as parity increased, from 4·38 to 13·88 quarter cases per 10 000 cow-days at risk for heifers and cows that had calved eight times, respectively. And they also showed the distribution of IRCM per week after calving for heifers and older cows, separately, which is high shortly after calving and decreases to a lower level within 5 weeks. 1·00  0·00  1·00  0·20  0·73  0·70  0·26  0·25  0·63  0·41  0·68  1·00  -0·20  0·98  0·00  0·67  0·66  0·16  0·13  0·63  0·32  0·52  1·00  -0·40  0·92  -0·20  0·57  0·59  0·04  0·00  0·61  0·22  0·34  1·00  -0·60  0·83  -0·38  0·47  0·51  -0·06  -0·12  0·57  0·12  0·16  1·00  -0·80  0·73  -0·52  0·36  0·42  -0·15  -0·22  0·52  0·03  0·00  1·00  -1·00  0·63  -0·63  0·27  0·34  -0·22  -0·30  0·47  -0·05  -0·14  0·80  -1·00  0·52  -0·73  0·17  0·25  -0·29  -0·37  0·40  -0·12  -0·27  0·60  -1·00  0·38  -0·83  0·05  0·14  -0·36  -0·45  0·32  -0·21  -0·42  0·40  -1·00  0·20  -0·92  -0·10  0·01  -0·44  -0·53  0·21  -0·31  -0·58  0·20  -1·00  0·00  -0·98  -0·25  -0·13  -0·50  -0·59  0·09  -0·40  -0·73  0·00  -1·00  -0·20  -1·00  -0·39  -0·27  -0·54  -0·63  -0·04  -0·47 -0·85
Heritabilities
The heritabilities of the udder health traits in this study were estimated with a threshold model. In most studies, the estimates of heritabilities originate from analyses with a linear model (Emanuelson et al., 1988; Koenen et al., 1994; Pösö and Mäntysaari, 1996; Pryce et al., 1997) . In other studies a generalized linear model has been applied to the underlying liability scale (Weller et al., 1992; Uribe et al., 1995; Heringstad et al., 1997; Lund et al., 1999) . Robertson and Lerner (1949) showed that estimates from a linear model are frequency dependent and should be transformed from the observable to the underlying scale for comparison purposes.
The estimated heritability for overall CM using a threshold model (0·04) was in the low region of estimates in other studies using a threshold model (Simianer et al., 1991; Weller et al., 1992; Uribe et al., 1995; Heringstad et al., 1997; Lund et al., 1999) . Heritabilities for pathogen-specific CM were similar to the CM-estimate, ranging from 0·02 (other streptococci) to 0·10 (CNS). Heritabilities for CM caused by environmental pathogens (E. coli, Str. dysgalactiae, Str. uberis and other streptococci) obtained an average of 0·04. This is contrasting Nash et al. (2000) , who estimated higher heritabilities for CM incidences from the environmental organism groups (coliforms plus streptococci other than Str. agalactiae), ranging from 0·11 to 0·25 for heifers and 0·12 to 0·19 for second lactation cows.
Due to the binary nature of the pathogen data and the low incidences, observations of some levels of the fixed effects in the model can be all present or absent (1 or 0). This could create the 'extreme category problem' (ECP) that might bias the estimates of variance components, which results in suspiciously high heritabilities. Three techniques for dealing with the ECP were investigated by Rekaya et al. (2000) . One of their options was to group low incidence observations. In our study, grouping of the low incidence observations had no effect on the estimate when analysing clinical CNS mastitis, a trait with a low incidence. A heritability of clinical CNS mastitis of 0·10 was estimated, irrespective of whether the low incidence observations were grouped or not. The results of Rekaya et al. (2000) suggested however that grouping was not the most effective technique to reduce bias. Therefore, the high heritability for clinical CNS mastitis might still be biased by the low incidence rate.
Genetic correlations
In our study, genetic correlations between udder health traits and MILK, FAT, PROT and SCS were all antagonistic, but standard errors were large.
Correlations of 0·63 and 0·39 were estimated between CM and SCS in the first 150 and 305 days, respectively. This suggests that selection for lower SCS, especially during early lactation, also decreases the incidence of CM. With selection for MILK only, the largest effect may be for pathogen-specific CM caused by S. aureus, Str. dysgalactiae or 'other streptococci', while clinical E. coli mastitis seems to be less affected. With genetic selection purely on decreased SCS, the number of cases of clinical E. coli mastitis will decrease most, while the number of cases of clinical Str. dysgalactiae mastitis may not be affected at all. Simultaneous selection on higher milk production and lower SCS is more practical and selection index calculations demonstrate the response expected from different relative weights for MILK and SCS (Table 6 ). In the calculations, a correlation of 0·2 between MILK and SCS was assumed (Mrode and Swanson, 1996) and responses were calculated assuming selection on accurate breeding values for MILK and SCS (Cameron, 1997) . The genetic correlations between CM caused by 'other streptococci' and MILK and SCS were reduced by a factor 0·86 to stay within the parameter space. For overall CM the undesireable effect of selection for higher milk yield was counteracted when the relative weight to reduce SCS was twice the weight to increase yield (Table 6 ). For S. aureus and Str. dysgalactiae the effect of selecting on higher milk yield was not counteracted by the simultaneous selection for lower SCS until most of the selection pressure was on reducing SCS. Philipsson et al. (1995) suggested that SCC should be decreased to the lowest possible value, at least within the range covered by the population mean and the genetic variance in their population. The estimated genetic correlation and calculated selection responses in the current study suggested that this also holds for the population in this study. For CNS and E. coli the effect of selecting on higher milk yield was already counteracted when the relative weight to reduce SCS was only half the weight to increase yield (Table 6) . Nash et al. (2000) suggested as well that a reduction in, in particular, the number of cases of CM caused by CNS or environmental pathogens could indeed be expected from selection for lower SCS, in line with the fairly strong positive genetic correlations between SCS and CNS or environmental pathogens. This seems contradictory to Kehrli and Shuster (1994) who argued that cows with very low SCC might be more susceptible to CM, because their ability to respond to intramammary infections would be reduced. It also seems contradictory to the differences in occurrence of pathogen-specific CM at different BMSCC levels (Erskine et al., 1988; Hogan et al., 1989; Barkema et al., 1998) . These authors all found a higher mean herd incidence of clinical E. coli mastitis in herds with low BMSCC (≤ 150 000 cells per ml) than in higher BMSCC herds. Also in our dataset, there is an indication of a higher risk of clinical E. coli mastitis with lower SCS, since the mean SCS is relatively low (2·42 and 2·77 over the first 150 and 305 days in milk, respectively (Table 3) ) and the incidence of clinical E. coli mastitis is comparatively high (Table 4 ). However, neither the level of BMSCC nor the mean SCS reflect the SCS of individual cows, whereas genetic correlations do refer to the SCS of individual cows. When estimating the genetic correlations, a comparison is made between lactations with and without a case of pathogen-specific CM. Positive correlations demonstrate therefore that cows without CM are expected to have lower lactation SCS than cows with CM. This is something that holds for all pathogens and is confirmed by the phenotypic means of groups of lactations with and without a case of pathogenspecific CM. The largest difference for 305-day SCS was observed for cows with or without a case of clinical S. aureus mastitis during the lactation (4·15 v. 2·72), and the smallest for cows with or without a case of clinical E. coli mastitis (3·18 v. 2·76). The higher SCS for lactations with clinical E. coli mastitis explains why selection for lower SCS is expected to reduce clinical E. coli mastitis. These results, however, do not completely refute the theory that a risk of an undesireably low SCC exists. Since the mean SCS over a fixed time period (150 or 305 days) is used in the analyses, SCC from both before and after the case of pathogen-specific CM is used. Hence, it might still be that SCC is either very high or too low before a case of pathogen-specific CM. It requires other types of analyses to analyse this, where the mean SCC will be compared with the herd-test-days for SCC, used as separate traits. This might have the advantage that variation among testdays and variation in patterns of SCC could be used (Reents et al., 1995) . Further analyses will be done to describe the effect of an infection on the individual cell counts.
Conclusions
Heritabilities for pathogen-specific CM were similar to that estimated for CM (0·02 to 0·10), and repeatabilities were low (0·10 to 0·14). Genetic correlations were quite strongly positive for pathogen-specific CM with milk yield and SCS but standard errors were large. Still, the genetic correlations with milk yield and SCS seemed to differ according to pathogen. In particular, selection for higher milk yield alone might cause less increase in the incidence rate of clinical E. coli mastitis than in the incidence rate of clinical Str. dysgalactiae mastitis. Based on the calculated selection indices, simultaneous selection for lower somatic cell counts would be more effective in counteracting the undesireable effect on clinical E. coli mastitis, but of less benefit in the case of clinical Str. dysgalactiae mastitis. 
